Activating transcription factor (ATF) is a mammalian transcriptional activator, which is involved in the expression of many viral Ela-inducible and cellular cAMPinducible genes. Here we identify from the yeast Saccharomyces cerevisiae a previously uncharacterized protein whose DNA binding specificity is like mammalian ATF. We purify this protein (yATF) and show that it is a 66-kDa polypeptide. Finally, we demonstrate that a mammalian ATF site can function as an upstream activating sequence in S. cerevisiae. Taken together, our results suggest that yATF is a previously uncharacterized S. cerevisiae transcriptional activator.
A variety of evidence indicates that the transcriptional machinery has been highly conserved throughout evolution from yeast to mammals. First, the organization of higher and lower eukaryotic promoters is basically similar (1) (2) (3) (4) . Second, yeast and mammalian RNA polymerase II are both multisubunit enzymes, and the amino acid sequence of at least some of the subunits has been conserved throughout evolution (5, 6) . Third, some higher and lower eukaryotic transcription factors appear to be structurally and in some cases functionally related. For example, the DNA binding specificity ofmammalian activating protein 1 (AP-1) is similar or identical to that of the yeast proteins GCN4 (see refs. 7 and 8) and a recently identified yeast protein designated yAP-l (9) . Moreover, mammalian AP-1 and yeast GCN4 have similar amino acid sequences (10) . Other recent examples of functional similarities between the transcriptional mechanisms ofhigher and lower eukaryotes include (0) heterologous multisubunit activators can be formed upon mixing of yeast and mammalian subunits (11) ; (ii) a yeast "TATA" box binding protein functions in a HeLa cell extract (12, 13); (iii) the human estrogen receptor, a mammalian activator, can function in yeast (14) ; and (iv) the yeast activator GAL4 can function in mammalian cells (15, 16) , insect cells (17) , plant cells (18) , and in a HeLa cell nuclear extract (19) . Identifying the conserved features of the eukaryotic transcriptional machinery should provide insight into the mechanisms and regulation of transcriptional initiation.
We have been studying the cellular transcription factor, activating transcription factor (ATF), which has been implicated in the expression of many viral Ela-and cellular cAMP-inducible genes. An ATF consensus binding site, 5 '-GTGACGTA-3', has been derived (see ref. 20 and references therein). The adenovirus (Ad) Ela-inducible E2, E3, and E4 genes contain one or more ATF binding sites in their promoters (21) . Furthermore, a DNA fragment containing two ATF sites can increase the Ela inducibility of a heterologous gene (22) . In addition to Ela-inducible promot-MATERIALS AND METHODS Constructions. pE4BS, paRM, and pTHDM were described in Lin and Green (20) . pA&UASG/f3G was constructed by deleting the Sma I/Xho I fragment of pLR1A20B (31) . pATFlG/,BG was constructed by replacing the Sma I/Xho I fragment of pLR1A20B with one copy of a double-stranded synthetic DNA oligonucleotide (5'-GGGATGACGTC-3') in the orientation in which both the Sma I and Xho I sites were recreated. pATF2G/f3G was constructed by replacing the Sma I/Xho I fragment of pLR1A20B with two copies of the double-stranded oligonucleotide described above in the orientation in which both the Sma I and Xho I sites were recreated. pATFDMlG/f3G was constructed by replacing the Sma I/Xho I fragment of pLR1A20B with one copy of a double-stranded synthetic DNA oligonucleotide (5'-GGGATGTGGTC-3'), which contains two point mutations within the ATF recognition sequence in the orientation in which both the Sma I and Xho I sites were recreated.
Protein Binding Assays. The probes, DNA competitors and conditions for DNase I "footprinting," dimethyl sulfate (DMS) footprinting, and UV crosslinking were as described in Lin and Green (20) . Mobility-shift experiments were performed as described by Carthew et al. (32) . The probe for mobility-shift assays was the HindIII/Pvu II fragment of pE4BS, 3'-end-labeled at the HindIII site. The incubation conditions were the same as those for DNase I footprinting except that 0.3 ng of probe, 2 ,ug of poly(dIdC), and 1 A.l of yeast whole-cell extract were used and MgCl2 was omitted.
The specific and nonspecific competitors were the HindIIII Pvu II fragment of pE4BS and pGEM3, respectively.
Purification of Yeast ATF (yATF) and Mammalian ATF.
Yeast whole-cell extracts were prepared from strain EJ101 (33) either as described in Lin et al. (33) or by Klekamp and Weil (34) . The whole-cell extract was dialyzed into buffer D (35) 
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and then eluted with buffer D containing 300 mM KCl. The 300 mM heparin-agarose fraction was collected and loaded onto a 0.5-ml ATF DNA affinity column preequilibrated with buffer D containing 300 mM KCl. The ATF DNA affinity column was prepared as described (36) . A single oligonucleotide containing an ATF site embedded in a palindromic sequence (5'-CCCGGGAIQACGTCAT-3') was self-hybridized and then coupled to the resin. yATF was eluted with buffer D containing 1 M KCl, the sample was diluted to 300 mM KCl, reapplied to the ATF DNA affinity column, and yATF was eluted with buffer D containing 1 M KCl. Mammalian ATF was purified similarly starting with 10 ml of HeLa cell nuclear extract adjusted to 50 mM KCl, which was loaded onto a 10-ml heparin-agarose column. Detection of proteins by silver staining was performed as described in De Moreno et al. (37) .
In Vivo Analysis. The yeast strain used for the assay was YSC294 (38) . P-Galactosidase assays were performed as described by West et al. (31) .
RESULTS
A Yeast Protein Binds Specifically to ATF Sites in Mammalian Promoters. To determine whether S. cerevisiae contains a protein with related DNA binding specificity to mammalian ATF, we initially performed mobility-shift experiments ( gene, containing a single ATF site (20, 22) , was incubated in a S. cerevisiae whole-cell extract in the presence or absence of various DNA competitors. A protein in the yeast extract binds to this DNA fragment as evidenced by formation of a DNA-protein complex, whose electrophoretic mobility is reduced compared to that of the DNA probe. Formation of this complex is significantly inhibited by addition of a large molar excess of a DNA fragment containing an ATF site (E4) but not by a DNA fragment lacking an ATF site (pGEM3). We conclude that a S. cerevisiae protein binds specifically to the -34 to -90 region of the Ad E4 promoter.
To determine whether the protein was binding to the ATF sites in the DNA fragment, we performed DNase I footprinting experiments (Fig. 1B) . These experiments could not be performed directly in the crude whole-cell extract because of the presence of nuclease activity (data not shown). Therefore, we used a heparin-agarose fraction of the yeast wholecell extract (300 mM KCl step), which lacks the nuclease activity and contains the protein that binds to -34 to -90 region of the Ad E4 promoter (see below; data not shown).
Three 32P-labeled DNA probes containing mammalian ATF sites were used. One of the probes was derived from the Ad E4 promoter, and two others were from cellular cAMPinducible promoters, human a-chorionic gonadotropin (ahCG) and tyrosine hydroxylase (TH). All three of these promoters have been shown to contain binding sites for mammalian ATF (20, 22) . In the Ad E4 and TH promoters, a 15-to 20-base-pair region, centered on the ATF site (20) , is protected from DNase I digestion. In the a-hCG promoter, there is a 34-base-pair protected region from -111 to -145. More extensive protection of the a-hCG promoter is expected since it contains two tandemly arranged ATF sites (see ref. 20 and references therein). In each instance, the region protected by the S. cerevisiae protein is almost identical to that protected by mammalian ATF. We conclude that S. cerevisiae contains a protein that binds to the same sites as mammalian ATF. We designate this S. cerevisiae protein yeast ATF (yATF).
Purification of yATF. To identify and further characterize yATF, we purified the protein by a simple two-step procedure, primarily based on sequence-specific DNA affinity chromatography (see Materials and Methods). Fig. 2A shows the analysis of the fractions by DNase I footprinting. In the first step, a yeast whole-cell extract was fractionated on a heparin-agarose column. The mixture was loaded onto the column at 50 mM KCI and the column was developed with successive steps of200 mM and 300 mM KCL. All of the yATF DNA binding activity was found in the 300 mM KCI step ( step mixture was directly loaded onto an ATF DNA affinity column and a flow-through (300 mM KCI) and a 1 M KC1 step mixture were collected. All of the yATF DNA binding activity was found in the 1.0 M KC1 fraction ( Fig. 2A) . The 1.0 M KC1 fraction from the DNA affinity column was again fractionated on an ATF-specific DNA affinity column and the 1.0 M KCl step comprised the purified yATF fraction. The polypeptides in the various fractions were resolved on a SDS/polyacrylamide gel and detected by silver staining (Fig. 2B) . The final yATF fraction contained a predominant 66-kDa polypeptide. This polypeptide is a minor yeast protein, which is not readily detected in the less-purified fractions. Based on quantitative DNase I footprinting (data not shown), we estimate that yATF has been purified >100,000-fold. However, the degree of purification cannot be accurately determined because of the uncertainty in estimating (i) the amount of yATF activity in the starting yeast whole-cell extract (see above) and (ii) the protein concentration in the final fraction.
UV Crosslinking Demonstrates That the 66-kDa Protein Is yATF. Fig. 3 demonstrates directly that the 66-kDa polypeptide in the purified yATF fraction has yATF DNA binding specificity. A uniformly 32P-labeled DNA fragment from the E4 promoter, containing a single ATF site, was used to detect bound proteins by UV crosslinking (see ref. 20 and references therein). After incubation ofthe probe in the final fraction and irradiation with UV light, a 66-kDa polypeptide was crosslinked. Crosslinking of the 66-kDa polypeptide to the probe was, as expected, dependent on both the addition of protein and irradiation with UV light.
The specificity of crosslinking was verified by competition experiments. Addition ofa molar excess of a double-stranded DNA oligonucleotide containing an ATF site competes for binding of yATF as evidenced by the decreased crosslinking of the 66-kDa polypeptide to the probe. In contrast, addition of a comparable amount of a double-stranded DNA oligonucleotide lacking an ATF site has no effect on the amount of 66-kDa polypeptide crosslinked to the probe. The 66-kDa polypeptide was also detected in the yeast whole-cell extract by UV crosslinking (data not shown), suggesting that it is not generated by proteolysis during purification. Based on these combined data, we conclude that a S. cerevisiae 66-kDa polypeptide (yATF) binds specifically to ATF sites in mammalian promoters.
Comparison moters. To compare further the DNA binding specificities of these two proteins, we performed methylation protection experiments using purified yATF and purified mammalian ATF. The ATF methylation protection pattern has been defined (20, 21) . Binding of ATF to the site 5'-TGACGT-3'
protects two guanosines on one strand and a third guanosine on the opposite strand from methylation by DMS (Fig. 4 Lower). In addition, some ATF sites contain a guanosine adjacent to this core ATF sequence, and these flanking guanosines are also protected from methylation (20) . Fig. 4 demonstrates that purified mammalian ATF and purified yATF generate identical methylation protection patterns. On the Ad E4 promoter a single guanosine on one strand, and two guanosines on the opposite strand, are protected from methylation by both mammalian ATF and yATF. On the a-hCG promoter, each of the two tandem ATF sites contains two guanosines per strand, and all eight guanosines are protected by both mammalian ATF and yATF. Thus, in both promoters the essential guanosine contacts made by yATF and mammalian ATF are identical.
A Mammalian ATF Site Functions as an Upstream Activating Sequence in S. cerevisiae. The experiments described above indicate that yATF specifically binds to transcriptional regulatory elements (ATF sites) in viral Ela-and cellular cAMP-inducible mammalian promoters. These results suggest that yATF is a transcriptional activator in S. cerevisiae. We tested this possibility by fusing ATF sites directly upstream of the TATA box of a GAL1-f3-galactosidase gene fusion gene (ref. 31 ; Fig. 5A ). After their introduction into S. cerevisiae, the transcriptional activity of these constructs was determined by measuring P-galactosidase activity ( It has been recently shown that mammalian ATF is a member of a family of proteins that are related by size, heat stability, DNA binding specificity, and immunological crossreactivity (41) . This family includes the well-characterized transcription factor AP-1. There are several S. cerevisiae activators whose DNA binding specificity is similar or identical to mammalian AP-1, including GCN4 (see refs. 7 and 8) and yAP-1 (9) . We note that the size (Figs. 2B and 3) , methylation protection pattern (Fig. 4) , and presence in S. cerevisiae grown in rich medium distinguish yATF from both GCN4 (see refs. 7 and 8) and yAP1 (9) . Our results thus reveal another similarity between mammalian ATF and mammalian AP-1: the existence of S. cerevisiae proteins with related DNA binding specificities.
The discovery of a S. cerevisiae protein with ATF-like DNA binding specificity implies the existence ofS. cerevisiae genes whose promoters contain ATF sites. Accordingly, we have identified nine S. cerevisiae genes with ATF sites within 600 base pairs of the transcriptional start site (Table 1) . For the phosphoglycerate kinase (PGK) gene, the ATF site is within a region that has been previously shown to be important for transcriptional activity (42) .
ATF sites function as transcriptional regulatory elements in the promoters of many mammalian cAMP-inducible genes (ref. 20 and references therein) and viral Ela-inducible genes (21) . Whether yATF is involved in a cAMP-inducible transcriptional response in S. cerevisiae, or other regulated transcriptional responses, remains to be determined. The 
